Seepage into the repository drifts is an important factor in total-system performance. Uncertainty and spatial variability are considered in the seepage calculations. The base-case results show 13.6% of the waste packages (WPs) have seepage. For 5'h percentile uncertainty, 4.5% of the WPs have seepage and the seepage flow decreased by a factor of 2. For 95'h percentile uncertainty, 21.5% of the WPs have seepage and the seepage flow increased by a factor of 2. Ignoring spatial variability resulted in seepage on 100% of the WPs, with a factor of 3 increase in the seepage flow.
INTRODUCTION
Seepage into the repository drifts is an important factor in total-system performance due to its potential to contribute to the degradation of the engineered barrier system, as well as act as an advective transport mechanism for radionuclides. Process level models [l J describe the basic phenomena that control
seepage. An abstraction of the process level models [2] is then developed to provide a seepage model that is tractable to implementation into the total-system performance assessment (TSPA) model. Based on the abstraction model, a TSPA seepage model is then developed. Sensitivity studies have been performed on the TSPA seepage model to assess the effects of uncertainty and spatial variability on the number of WPs that are seeped upon and the magnitude of that seepage flow rate.
DESCRIPTION OF SEEPAGE MODEL ABSTRACTION
In the seepage model abstraction, mean seepage flow rate (pQS), seepage flow rate standard deviation (&, and seepage fraction (fs) are functions of the percolation flux 5 meters above the crown of the drift. These three parameters are uncertain and are represented in the abstraction as triangle distributions (see Table 1 ). An uncertainty parameter (R) which ranges between 0 and 1 is used to select values from the distributions of mean seepage flow, seepage flow standard deviation, and seepage fraction.
Spatial variability is accounted for in the seepage model abstraction in two ways. First, the seepage flow rate for locations that have seepage is characterized as a beta distribution that is prescribed by the mean and standard deviation of the seepage flow rate, a lower bound of 0.0, and an upper bound of the mean seepage flow plus ten standard deviations. Second, a spatial variability parameter (r) ranging between 0 and 1 is compared to the seepage fraction. If the spatial variability parameter is greater than the seepage fraction, no seepage occurs (i.e., there is no seepage into the drift at the given WP location). If the spatial variability parameter is less than or equal to the seepage fraction, it is divided by the seepage fraction (renormalizing it to between 0 and 1) and the normalized value is used to select the seepage flow from its beta distribution.
The effect of intermediate-scale flow channeling (i.e., between the scales modeled by the site-scale unsaturated-zone-flow process model and the drift-scale seepage process model) is represented in the seepage abstraction model by means of an uncertainty distribution for a flow-focusing factor (F) that acts as a multiplier on the percolation flux and an inverse multiplier on the seepage fraction (see Table 2 ).
Percolation flux time-histories are not provided for all 11,770 WPs in the repository; rather, they are provided for groups of WPs in approximately 600 locations. The locations are grouped, based on a division of the potential repository footprint, into five infiltration-rate bins (see Table 3 ). Separate percolation flux time-histories are provided for commercial spent nuclear fuel (CSNF) WPs and codisposal (CDSP) WPs (packages that contain both vitrified high-level waste and special types of spent nuclear fuel). A separate set of percolation flux time-histories is provided for the three infiltration scenarios (low, medium, and high) that are treated in the TSPA model. A random number, r, uniformly distributed between 0 and 1, is sampled internally to the DLL. This random number is used to represent the spatial variability in seepage and is regenerated each time the program begins to process a new location. The percolation flux, q, is read from the appropriate file. The percolation flux is multiplied by the flow focusing factor, q'= f q . Based on q: the seepage fraction, f,, is sampled from its triangular distribution using the random number R. The seepage fraction is divided by the flow focusing factor, fs'= f J f . If the random number r i s greater than or equal to the modified seepage fraction ( r 2 fsJ, then the seepage flow rate at that location for that time and waste package type is assigned a value of zero. If the random number r is less than the modified seepage fraction ( r c f s j , then that location for that time and waste package type will have seepage and the seepage flow rate is determined as follows:
i) The random number r is re-scaled to r/= r/f; so that r' is between 0 and 1.
ii) Based on q; The mean seepage flow rate, pas, and seepage flow rate standard deviation, oos, are sampled from their triangular distributions using random number R. iii) The beta distribution is developed using poS and ooS. iv) The beta distribution is sampled for the seepage flow rate using random number r'.
Repeat steps b through g for each time step in the percolation flux time history.
4)
Once step 3 has been completed for each location at each time for each waste package type, the following calculations are performed:
a) The seepage flow rate at each location is characterized. Locations can have i) zero seepage flow at all times (these are locations that never have seepage), ii) non-zero seepage flow at some times (these are location that intermittently have seepage), iii) non-zero seepage flow at all times (these are locations that always have seepage).
Note that the term "intermittent" does not necessarily imply that seepage flow turns on and off repeatedly, but only that flow takes place part of the time.
b) For each bin at each time, an areal-weighted average of the seepage flow for all locations with the same seepage history (i.e., intermittent or always) is calculated for each waste package type. c) For each bin, the fraction of locations that have different seepage histories (Le., never, intermittent, or always) is calculated for each waste package type.
The seepage flow rate results are passed from the DLL to a set of l -D tables (time versus average seepage flow rate). The fraction of locations that have different seepage histories are passed from the DLL to a set of data elements.
EXECUTION OF THE TSPA MODEL
The TSPA model is designed to be run in a probabilistic manner. Multiple realizations of the model are run with sampled values from the probability distributions of the uncertain model parameters. For this study of the effects of uncertainty and spatial variability on the seepage model uncertainty and variability, 100 realizations of the model were run for each of the following cases. Figure 1 shows an example of a seepage flow rate plot. The steady-state seepage from 0 to 50 years, 800 to 2000 years, and 2500 to 100,000 years are due to the steady-state infiltration, and hence percolation flux (q), associated with the climate for those time periods. The rise and decline in the average seepage flow rate between 50 and 600 years is due to the heating of the host rock by WPs upon their emplacement into the repository. 
NRIt -number of realizations
To simplify comparing the cases that were run, only the seepage flow rates at 100,000 years are evaluated. This is a reasonable comparison measure as WPs do not begin to fail in the nominal TSPA case until after 10,000 years [4] , and the seepage flow rates are almost constant out past 10,000 years.
RESULTS
The results of the sensitivity cases listed in Table 4 are shown in Table 5 . The results from the base case model shows the average percentage of WPs that have seepage to be 13.6%. When spatial variability is set to a very low value (0,001) all WPs have seepage and the average seepage flow rate per package increases from the base case by a factor of 3. All of the WPs having seepage indicates that the spatial variability parameter for any given location was never higher than the seepage fractions for that location. The increase from the base case per WP seepage flow rate is due to all of the WPs having seepage. As the value of the spatial variability parameter is increased, the average flow rate per WP and the average percentage of WPs that have seepage rapidly decrease. This is due to the greater number of locations at which the spatial variability parameter exceeds the seepage fraction.
Fixing the seepage uncertainty at the 5'h percentile of its distribution caused a reduction in the average percentage of the WPs having seepage from 13.6% to 4.5% and a factor of 2 decrease in the average seepage flow rate per WP. Conversely, with the seepage uncertainty at the 9 5~'~ percentile of its distribution, the average percentage of the WPs having seepage increased to 21 5% and the average seepage flow rate per WP increased by a factor of 2. The average seepage flow rate per WP and the average percentage of WPs having seepage show a direct proportional relationship with the seepage uncertainty because the seepage fraction, mean seepage flow rate, and seepage flow rate standard deviation are directly proportional to the seepage uncertainty Fixing the flow-focusing factor to its 5'h percentile value causes the average percentage of WPs having seepage to increase to 22.5%, while the average seepage flow rate decreases by a factor of 20. With the flow-focusing factor fixed at its 95'h percentile value the average percentage of WPs having seepage decreases to 4.5%, while the average seepage flow rate per package increases by a factor of 2.5. Since the flow-focusing factor is a multiple to the percolation flux, it is expected that a high flow-focusing factor would result in a higher magnitude of average seepage flow rate per WP. In addition, because the seepage fraction is divided by the flow-focusing factor before it is compared to the spatial variability parameter, it is expected that a high flow-focusing factor would result in a reduction in the average percentage of WPs having seepage.
